Abstract Cenococcum geophilum Fr. is one of the most frequently encountered mycorrhizal fungi in nature. It reveals tolerance to low pH and forms abundant number of sclerotia. In this study, distribution of sclerotia of C. geophilum was investigated in a single stand forest of Picea abies, Harz mountains, Germany to analyze their forming factors. Surface soil samples were collected to examine density of sclerotia based on weight and count of grains, soil pH(H 2 O, KCl), content of exchangeable aluminum, total carbon and nitrogen, and humification degree based on melanic index and Pg index. Elemental composition of sclerotia was examined by SEM-EDS analysis.
Introduction
Cenococcum geophilum Fr. is one of the most frequently encountered ectomycorrhizal fungi in nature (LoBuglio 1999) . It has a worldwide distribution in temperate and arctic-alpine climatic zones, and forms ectotrophic and ectendotrophic associations with unusually large numbers of tree, shrub and herbaceous genera (Trappe 1964) . C. geophilum is known to have a pioneering ability. Trappe (1988) reported that it formed ectomycorrhiza with pioneering seedlings of Pinus albicaulis and Larix lyalli on recently exposed moraines in the Oregon Cascade mountains. Other fungi often invade in certain situations such as sand dunes, glacial moraines, volcanic ash, cinders, pumice, and clear-cut areas, and become more successful than C. geophilum as environmental conditions gradually improve (LoBuglio 1999) . In addition, C. geophilum is recognized as a very heterogeneous species or a fungal complex representative of a broader taxonomic rank (LoBuglio et al. 1991) .
According to Trappe (1969) , sclerotia of C. geophilum are abundant near Cenococcum mycorrhizae. They vary from 0.05 to 4 mm or more in diameter, and mature ones are black, hard, and mostly spherical. Live sclerotia are denser than water, and have a high content of ethanolsoluble oil while dead sclerotia, which can persist indefinitely in soil, look much like live ones but float in water and lack ethanol-soluble oil. Vogt et al. (1982) estimated the biomass of sclerotia of C. geophilum in a 180-year-old Abies amabilis stand as 2,700 kg ha −1 year −1 .
However, the factors affecting the formation and occurrence of sclerotia in soil have been scarcely reported in spite of the world wide distribution of C. geophilum. From the viewpoint of soil genesis and soil organic chemistry, Kumada and Hurst (1967) assumed sclerotia of C. geophilum as one of the source of "Pg, " the green fraction of humic acid (HA), on the basis of correspondence of absorption spectral curves between P-type HA and sclerotium. Figure 1 demonstrates the similarity of the ultraviolet-visible spectrum curves of HA and sclerotia in alkaline solution, which both have the characteristic absorption maxima at 450, 570, and 615 nm of as Pg absorption. Watanabe et al. (2002) Japanese Andosols. From the comparative study in Harz mountains area in Germany, Al 3+ content in soils were suggested as a common regulating factor of formation of sclerotia regardless of soil type (Watanabe et al. 2004) . This study aims to analyze regulating factors of formation of sclerotia by field observation and soil analyses with consideration of micro-topography and floor vegetation under single stand forest.
Materials and Methods
The Harz Mts., located in central Germany, are 90 km long and 30 km wide. Mt. Brocken is the summit of Harz Mts. and the elevation is 1,142 m. Paleozoic rock appears close to the surface and is covered with detrital accumulation, which was developed during the Pleistocene under periglacial conditions. This cover of debris contains weathered bedrock and wind-borne sediment like loess (Haasse et al. 1989) . The climate of Harz Mts. is subatlantic to subcontinental climate. The annual total precipitation in the Harz Mts. area decreases from the west (>1,000 mm) to the east (<600 mm) and the highest regions are observed around Mt. Brocken (approximately 1,700 mm). On the other hand, the annual mean temperature increases from the west (3-4 °C) to the east (7-8 °C). Podzols dominates in higher regions above 600 m. According to Watanabe et al. (2004) (Figures 2  and 3 ). The investigation was conducted for 7 transects in 5 sites with consideration of landscape. Angle of every 1 m was measured along 7 lines of length from 10 to 114 m, and surface soil samples (approximately 0-5 cm in depth) were collected at 86 points along the measurement line for the following soil analyses.
Analyses on soil properties were carried out on airdried soil samples passing through a 0.5 mm sieve for the total C and N contents and a 2.0 mm sieve for other analyses. The values of the soil pH in H 2 O and KCl were measured by the glass electrode method in the suspension mixture of soil with a 5 times volume of H 2 O and 1 m KCl, respectively. The content of exchangeable Al (Al Ex ) was obtained for the extract with 1 m KCl according to the method of Blakemore et al. (1987) . The extract was titrated by 0.01m NaOH, and then adding 4 ml of NaF, the content of Al Ex was estimated by titration using 0.01 m HCl. The content of Al extracted by sodium pyrophosphate (Al p ) by shaking for 16 hours was measured using an inductively coupled plasma spectrometry (ICPS-1000IV, Shimadzu Corp, Kyoto). The total C (T-C) and N (T-N) contents were measured by dry combustion method using a NC-analyzer (NC-80, Sumica Chemical Analysis Service Ltd., Tokyo). Melanic index (MI) and Pg index (PI) were obtained by the procedure proposed by Honna et al. (1988) and Yamamoto et al. (2000) . Colorimetric properties of the 1 m NaOH extracted HA, which represent free form type HA, were measured by using a UV spectrophotometer (UV 2400, Shimadzu Corp., Kyoto) . Absorbance values at 450, 520, 600 and 610 nm were measured, and K450/ K520 and K610/KA600 were calculated to obtain MI and PI, respectively. Lower MI value indicates higher degree of humification, and higher PI value indicates higher content of "Pg." Using these indices, HA type can be categorized into the following 5 categories: P +…+++ ; P ± and Rp(1); B and P 0 ; Rp(2); and A (Yamamoto et al. 2000) .
Sclerotia were carefully picked up from air-dried and homogenized surface soil samples using tweezers and kept under air-dried condition (Figure 4 ). 10-30 g of air-dried soil were stirred after adding 500 ml of distilled water to collect all sclerotia from the float of the suspension. The counts of sclerotia were classified by their diameter range: 0.2-0.5, and every 0.5 mm up to 3.0 mm. Content of sclerotia was defined by weight (SG w : mg g −1 ) and count (SG c : count g −1 ) of sclerotia per oven-dried soil. Air-dried sclerotia were sliced into half pieces using a sterilized knife to observe the morphological features and chemical composition of transverse wall. For this operation, large grains were selected from 3 points (B-5, C-5, and E-8) that have different soil pH(KCl) value and Al Ex content. Chemical composition was obtained for these samples using a scanning electron microscope (SEM) and energy dispersion X-ray spectrometer (EDS) (JSM-6490LA, JEOL Ltd., Tokyo, accelerating voltage of 15 eV). The 14 C age of sclerotia was obtained by using accelerator mass spectrometry (AMS) measurements at Micro Analysis Laboratory (MALT), University of Tokyo, Japan (5 MV Tandem accelerator). Approximately 3 mg of relatively large sclerotia (2-5 grains) from E-1, E-2, E-14 points were applied for 14 C age measurement. Since abundant sclerotia were collected, three replicate analyses were carried out for E-2 point. Table 1 represents results of analyses of all samples. to cross the watercourse as head hollow. Point D2-7 showed the maximum SG c and D3-9 had the maximum SG w , which were 7.8 count g −1 and 2.8 mg g −1 , respectively. Five points in site D contained no sclerotia. These points were relatively flat and had plenty of crude organics. Site E is a current head hollow tangential to the sideslope line. Point E-2 showed the maximum distribution of sclerotia at site E: 5.4 mg g −1 by SG w and 5.8 count g −1 by SG c . Point E-9, near the edge of a cliff, showed a higher content of sclerotia compared to the adjacent points. A small peak of sclerotia at point E-14 might be caused by transportation of sclerotia from the cliff wall. As for site E, there was an exceptional point that had no sclerotia (E-17), while it is notable that sclerotia still existed on the wall of the cliff (E-15). The values of pH (H 2 O) and pH (KCl) ranges were 3.0-4.5 and 2.5-4.0, respectively. The average value of pH (KCl) was 3.7 for site B, which had a relatively high pH value among the 5 sites with total average of 3.1. Content of Al Ex was higher in lower pH soils and the maximum content was 2.5 g kg −1 . Total average of Al Ex content was 0.58 g kg −1
Results
. T-C was approximately 150-300 g kg −1
. High ). c) The types of HA was categorized using MI and PI (Yamamoto et al. 2000) into "P +~++ " (PI>0.98), "P ± and Rp (1) ) in site A and E had a possibility of contamination of crude organics in the analyzed soil samples. MI and PI values were 1.9-2.3 and 0.91-1.0, respectively.
The results of investigation of floor vegetation are also described in Figure 5 . Floor vegetation was discerned to I: Dicotyledoneae; II: Monocotyledoneae; III: Lichens and Bryophyta and was evaluated qualitatively by intensity (+~+++). Figure 6 shows the pictures of representative points which had no floor vegetation (B-10), rich with Dicotyledoneae (D1-8), Monocotyledoneae (A-4), and Lichens and Bryophyta (B-2).
Discussion

Micro-topography and floor vegetation
Sclerotia uniformly existed under the Picea abies forest and there was no regularity against micro-topography. In most points, SG w was lower than 1.69 mg g −1 , the value reported as sclerotia content in Elend Ah horizon by Watanabe et al. (2004) . However, anomalous distribution of sclerotia was observed at some points as represented in Figure 5 . Especially in the shoulder part of slope edge, a relatively high contribution of sclerotia was recognized (A-2, B-2, D3-9, E-9). The hyphae network of C. geophilum may protect sclerotia from gravity transportation and realize a large amount of sclerotia remaining in such geomorphologic positions. On the other hand, the existence of abundant numbers of small sclerotia at point D2-7, suggests diffusion pathway of sclerotia by water transportation. In comparison of distribution of sclerotia and floor vegetation, soils taken from dense floor vegetation tended to contain a small amount of sclerotia (A-5-6/ B-4-5, 12/ C-4-9/ center area of site D/ E-10-14). On the contrary, soils from scarce floor vegetation tended to contain a large amount of sclerotia. Shaw and Sidle (1982) reported that the ability of live sclerotia to survive for several years could provide sufficient inoculum to colonize host species effectively. Furthermore, LoBuglio (1999) mentioned that the predominance of C. geophilum in extreme environments is testimony to its beneficial nature of it as an ectomycorrhizal symbiont. The distributional correspondence observed between sclerotia and floor vegetation in this study is plausible to interpret as biological responses in a restricted condition.
Soil organic carbon
According to Watanabe et al. (2007a) , characteristics of elemental composition of sclerotia collected from Fulvic Andosol (WRB/FAO, Unesco) in Mt. Myoko, central Japan, were assigned as a structural organic component (C 48%, O 30%, H 3.3%, Al 1.4%, N 0.78% and Fe 0.57%). Furthermore, the ages of sclerotia in Mt. Myoko obtained by AMS 14 C dating showed their persistence for a few hundred years in surface A horizon, and for several to ten hundred years in buried A horizon (Watanabe et al. 2007b) . These studies suggested a close association of sclerotia with formation of soil humic substances and exhibited their certain importance as a soil organic component. HA of the investigated soils had low humification degree, and the types of HA were classified into P ± and Rp(1) or Rp(2), with few exceptions of type P +~+++ , type B and P 0 as shown in Table 1 . As previously mentioned, approximately 50 wt% of sclerotium consists of C. Therefore, sclerotial C (S-C) can be calculated as follows: S−C = SG w × 0.5 and then, contribution of S-C to T-C can be estimated from S-C/T-C. Figure 7 shows the relationship between HA type and S-C/T-C (%). The maximum contribution of sclerotial C to T-C was 1.0% and soils of type P ± and Rp(1) tended to have relatively large contribution of sclerotial C. According to Uchida et al. (1998) , contribution of microbial C to Soil T-C in surface A horizon was 1.0% in boreal Picea mariana (black spruce) forest in Canada (53°50 ′ N, 105°30 ′ W). Comparing to this fact, sclerotial C showed a potential to be equivalent to microbial C.
14 C ages of sclerotia ranged from modern (E-1, E-14) to approximately 200 yr bp as shown in Table   Figure 2. C reserved as sclerotia by C. geophilum may contribute as relatively hard-decomposed C in soils with low humification degree.
Exchangeable Al and sclerotia
Referring to the investigation of 12 profiles with a variety of soil types in Harz Mts. (Watanabe et al. 2004) , formation and development of sclerotia did not always have a close relationship with low pH but had a closer relationship to the content of Al Ex . The similar relationship was observed in the investigated forest area covered with homogeneous stands. Figure 8 shows the positive relationship between contents of Al Ex and maximum size of sclerotia. This fact confirm that content of Al Ex in soil act upon accelerating formation of large sclerotia, probably due to physiological response of C. geophilum in Al stress condition. respectively. Sclerotium from B-5 was characterized by concentration of Al, while sclerotia from lower pH soils tended to increase the relative amount of Fe. From the results of SEM-EDS analysis, sclerotia in low pH soil were likely to increase Fe content. Ferricrocin is known as an ectomycorrhizal siderophore of C. geophilum (Haselwandter and Winkelmann 2002; Hoffland et al. 2004) . Absorption of Al and Fe may be an evidence of activity of C. geophilum associated with siderophore. This fact harmonizes with microbial dissolution of Al and Fe from soil minerals studied on ectomycorrhizal fungus (Watteau and Berthelin 1994) . Figure 10 shows the relationship between pH(KCl) and percentage of Al Ex for Al p . In low pH area, soils contained high Al Ex , and large contribution for Al p was recognized. However, soils which contain large amount of sclerotia tended to show relatively small Al Ex /Al p ratio. This fact suggests the importance of the status of Al in forest soil, where sclerotia may have a role to reduce the Al 3+ toxicity Analysis on Formation Factor of Sclerotia of Cenococcum geophilum in Picea abies Forest, Harz Mts., Germany 
Conclusion
This study aimed to analyze the formation factor of sclerotia distribution by conducting a field experiment under similar conditions of parent material and climate in Harz Mts., Germany. Sclerotia uniformly distributed under the Picea abies forest and was not influenced by micro-topography, although sclerotia in large size and large amount were found under the lack of floor vegetation. Based on the analytical results of soil properties, formation of sclerotia was considered as a symbiotic response of C. geophilum and host vegetation to severe conditions, such as high Al 3+ content and low humification. Studies on sclerotia that exist as a visible organic structure in soil will serve further knowledge on the genesis of low pH forest soils. 
